ABSTRACT Under appropriate reaction conditions in vitro, four different defective-interfering particles of vesicular stomatitis virus have been shown to synthesize the full-length complement of their RNAs. The reaction involved preinitiation of the core particles with ATP and CIP, followed by RNA chain elongation in the presence of the ,,y-imido analogue of ATP, AdoPP[NHJP, and the three normal ribonucleoside triphosphates. By hybridization of the in vitro synthesized plus strand with the standard genome RNA followed by RNase treatment of the heteroduplexes, we have shown that the RNA of a defective-interfering particle derived from the 3' end of the genome RNA has evolved by an internal deletion of the standard genome.
Serial undiluted passages of many animal viruses have been shown to generate defective-interfering (DI) particles, which contain the same structural proteins as the standard virus but have nucleic acids that are smaller than the standard genome and are incapable of self-replication (1) . Replication of DI particles requires coinfection with the standard virus, and during this process the DI particles strongly interfere with the standard virus replication. This suppressive effect on viral infection has been implicated in persistent infection in tissue culture cells and animal diseases (2) (3) (4) . Similar DI particles are produced by vesicular stomatitis virus (VSV), an enveloped virus that contains a linear single-stranded RNA (molecular weight 4 X 106) of negative polarity and five structural proteins designated as N, NS, M, G, and L (5) . The standard virions contain an RNA polymerase activity that transcribes the genome RNA to synthesize a leader RNA (48 bases long) followed by sequential synthesis of mRNAs in the order 3'-N-NS-M-G-L-5' (6) . Virtually all of the DI particles purified from infected cells contain variable lengths of the standard genome RNA from the 5' end (7, 8 ) (referred to as 5'-DI particles), with only one type of exception, which retains almost the entire 3'-terminal half of the standard genome (8, 9) . The exception DI particles have been isolated from a heat-resistant strain of VSV (designated as DI-LT) and are capable of transcription in vitro identical to that of the standard virus, with the synthesis of the leader RNA and the mRNAs coding for the N, NS, M, and G proteins but not the L protein mRNA (10) . The lack of synthesis of L protein in mvo presumably prevents the DI RNA from self-replication. However, limited synthesis of the full-length plus strand of DI-LT RNA was detected in the absence of L protein synthesis in vio (11) . The 5'-DI particle, on the other hand, synthesizes in vitro a small RNA product 46 nucleotides long from its 3' end (12) (13) (14) (15) . The base sequence of the RNA is different from the leader RNA synthesized in vitro (16) but is identical to the 5'-terminal 46 bases of the standard RNA (17, 18) . This terminal inverted complementary sequence in the DI RNAs in VSV and also in Sendai virus is presumably involved in the formation of panhandles observed during self-hybridization (18, 19) . On the basis of these observations a strandswitch and copy-back mechanism of DI RNA generation has been proposed in which the 3' terminus of the DI RNA is derived by copying the 5' end of the standard RNA (19, 20) . Because the full-length complement of the DI RNAs is not easily available from the infected cells, it has not been possible to hybridize with the standard RNA to ascertain whether internal deletion of viral genome may also occur in addition to the proposed copy-back mechanism.
Testa et al. (21) have recently shown that, under certain in vitro transcription conditions, the full-length complement of the standard genome RNA can be synthesized in vitro. In this communication we demonstrate that by using the same procedure it is possible to synthesize in vitro the full-length complement of the DI particle RNA, including the DI-LT RNA. Moreover, by using the complement of the DI-LT RNA and hybridization with the standard genome RNA it is shown that DI-LT RNA arises by internal deletion of the standard genome.
MATERIALS AND METHODS
Purification of the DI Particles. The initial stock virus was prepared by the consecutive plaque isolation method, using the Indiana serotype of VSV (22, 23) . This stock virus yields three DI particles designated according to the recent nomenclature (to be published later) for DI particles as VSIts+ATCC DI 0.38 (5'), VSIts+ATCC DI 0.54 (5'), and VSIts+ATCC DI 0.63 (5'). The names include the parent virus and the serotype (VSI), strain (ATCC), defective-interfering particle (DI), fraction (0.38) of genome RNA retained from the 5' end of the standard virus. In the present paper for convenience we have designated these DI particles as DI-1, DI-2, and DI-3, respectively. These DI particles were prepared and purified by four continuous undiluted passages in R(B77) cells with multiplicity of infection greater than 50 plaque-forming units per cell in each passage as detailed elsewhere (22) . The other DI particle originally isolated from a heat-resistant strain of VSV [provided by L. Prevec, McMaster University, Hamilton, ON (24) ] now designated as VSI HR ATCC DI 0.67 (3') (referred to as DI-LT in this text) was prepared and purified as described (21) . The protein concentrations of purified DI particles were approximately 500-1000,gg/ml. The [3H]uridine-labeled DI particles were prepared by infecting confluent monolayers of R(B77) rat cells (107 cells) with 0.5 ml of stock virus, a procedure that yields maximal amounts of DI particles. Three hours after infection, the cultures were Abbreviations: DI particle, defective-interfering particle; VSV, vesicular stomatitis virus; AdoPP[NH]P, adenosine 5'-[13,y-imido]triphosphate.
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In Vitro Synthesis of the Full-Length Positive Strand.
Normal transcription of the DI particles was carried out in standard reaction mixture as described (10 hr and the in vitro RNA products were purified as described (21) .
RESULTS
In Vitro Transcription of the DI Particles. In order to check the purity of the DI particles for possible contamination with the standard virus, in vitro transcription reactions were carried out and the purified RNA products were analyzed by electrophoresis in a 20% polyacrylamide slab gel. The RNA syntheses in vitro by DI-1, DI-2, DI-3, and DI-LT were 46, 77, 59, and 260 nmol of UMP incorporated per mg per hr, respectively. As expected, the transcription products of DI-1, DI-2, and DI-3 were small and migrated close to the marker leader RNA synthesized by standard virus (Fig. 1, lanes B-D) . Little radioactivity was seen at the top of the gel, indicating that virtually no large RNA species was synthesized in vitro by DI-1, 2, or 3. It can be seen that there are distinct bands of radioactivity migrating slightly faster than the major band (48 bases) in each case ( Fig. 1 ). These RNA products appear to be contributed by (24.9 Citmmol) , and approximately 30 jg of purified particles. The incubation was at 300C for 3 hr. The product RNAs were extracted with phenol, purified by Sephadex G-50 chromatography as described (16) , and electrophoresed on a 20%o polyacrylamide slab gel containing 7 M urea (21) . Electrophoresis was at 200 V for 17 hr and autoradiography was with Kodak SB5 x-ray film. The arrow indicates the migration position of marker leader RNA (48 bases) (16) . the contaminating standard virus because these RNAs hybridized specifically to the standard genome and not to their respective DI RNAs (data not shown). The DI-LT particles, on the other hand, synthesized the small RNA (leader RNA), and also a large amount of radioactivity remained at the top of the gel (Fig. 1, lane A) . The RNAs at the top of the gel on further analyses by velocity sedimentation were found to contain mRNA species coding for N, NS, M, and G (data not shown), similar to the results reported earlier (10) . From these experiments it is concluded that the 5'-DI particle preparations transcribe in vitro a small RNA product similar in length to the leader RNA but specific to the DI RNAs. These small RNA products presumably represent the 46-base-long product RNA synthesized by a DI particle in vitro as reported by several laboratories (12) (13) (14) (15) .
Synthesis of the FUJILength Plus Strand of the DI Particle RNA. Having established the purity and the in vitro RNA synthesizing capacity of each of the DI particles, we then proceeded to synthesize the full-length complement of the DI RNA, using the method successfully employed for the synthesis of the full-length positive strand of the standard genome RNA (21) . The Triton-disrupted DI particles were "preinitiated" with ATP and CTP, followed by isolation of the core particles. The latter particles were then incubated in a standard RNA tran- can be seen that a distinct peak of UP radioactivity (67% of the total product; in other experiments it ranged between 20% and 40%) sedimented at the same rate as the authentic DI-LT
[3H]RNA ( Fig. 2A) . The RNA was then isolated from the pooled fractions and denatured with glyoxal and sedimented in a glyoxal gradient. As shown in Fig. 2B , the radioactivity peak sedimented close to the 28S ribosomal RNA marker, indicating that the in vitro RNA products were indeed linear singlestranded RNA identical in size to the corresponding DI-LT particle RNA. In order to demonstrate further that the in vitro product was complementary to the particle RNA, the product [32P]RNA was hybridized to DI-LT particle RNA and the hybrid was then analyzed by velocity sedimentation (Fig. 2C ). An aliquot of the-hybrid was also treated with RNase T2 and analyzed in a separate velocity gradient. As shown in Fig. 2C , the hybrid and the RNase-treated hybrid sedimented at the same rate but now at the 18S region. These results are consistent with the in vitro RNA product being the full-length complement of its particle RNA. The 32P radioactivity at the top of the gradient ( Fig. 2A) , upon further analysis, was found to containr predominantly RNA molecules migrating as leader RNA and other small RNA molecules (see Fig. 1A ) found previously with the standard virus (21) .
Similar experiments were done with the 5'-DI particles for the syntheses of their corresponding full-length complementary RNAs in vitro. As shown in Fig. 3A , the in vitro product RNAs of the preinitiated cores sedimented with their corresponding particle RNA and according to their sizes. The respective DI RNAs after denaturation with glyoxal again sedimented characteristically according to their sizes in glyoxal gradients (Fig. 3B) . The final proof that these RNA products were indeed complementary to their respective particle RNA is shown in Table 1 . All of the in vitro RNAs were hybridized to their respective particle RNAs to the extent of nearly 100%. It should be noted that the radioactive material that remained at the top of the gradient (Fig. 3A) contained almost exclusively a small RNA product similar to that shown in Fig. 1 (data not shown) Proc. Natl. Acad. Sci Jelinek, The Rockefeller University). The RNA samples were then dissolved in 10 mM sodium phosphate, pH 7.0, containing 500 mM glyoxal and heated at 370C for 60 min. The denatured RNA was layered onto a 4.5-ml linear 5-30% (wt/vol) sucrose gradient containing 100 mM glyoxal, 10 mM sodium phosphate, and 0.05% NaDodSO4 and centrifuged at 230C for 6 hr at 40,000 rpm in a Spinco SW 60 rotor. The radioactivity in each fraction was determined as described above, using Aquasol as the scintillation cocktail. (C) An aliquot of [32P]UMP-labeled product RNA from the fractions indicated by the bar in A was mixed with unlabeled DI-LT genome RNA (2 jsg/ml) and dissolved in 60% (vol/vol) formamide containing 0.5% NaDodSO4, 0.25 M Tris-HCl at pH 7.4, and 0.75 M NaCl and annealed for 20 hr at 370C (21) . An aliquot of the hybrid RNA was treated with RNase A (50 ,g/ml) and RNase T1 (10 units/ml). Another aliquot was used as an untreated control. Both were then sedimented through a linear NaDodSO4sucrose gradient at 21,000 rpm for 18 (17, 18) . On the basis of these results a copy-back mechanism of DI particle formation was proposed (19, 20) . The DI-LT, on the other hand, contains the T-terminal half of the standard RNA, including N, NS, M, and G genes, and thus is capable of transcription in vitro (10) . In Fig. 3A . Aliquots of each product RNA were hybridized with the standard genome RNA and then the hybrids were treated with RNases A and T1 as described (25) . Trichloroacetic acid-precipitable radioactivity in each reaction mixture was determined.
order to study whether this unique DI particle arises by internal deletion of the standard genome, the full-length complement of the DI-LT synthesized in vitro was hybridized to the standard genome RNA. The hybrid was then treated with RNase T2 and the resultant duplex was analyzed by electrophoresis in a 5% polyacrylamide slab gel. In a control experiment, the full-length RNA was hybridized to its particle RNA and treated siniiarly with RNase T2. As shown in Fig. 4 (lane B) , the duplex obtained in the control experiment remained as a single band migrating slower than the largest double-stranded genome RNA segment of reovirus used as a marker. In contrast, when DI-LT product RNA was hybridized with the standard genome RNA and treated with RNase T2, in addition to the large duplex molecule a distinct radioactivity band was released (18% of the large duplex) that migrated faster than the smallest doublestranded genome RNA segment of reovirus (lane A). The molecular weights of the large and the small duplexes were calculated from the distances migrated by the reovirus genome RNA markers (26) and were found to be 4 X 106 and 0.3 X 106, respectively. These values correspond to 2 X 106 (chain length 6000) and 0.15 X 106 (chain length 450) for each single strand. It should be noted that the plot of log molecular weight versus electrophoretic mobility has been shown to be linear over only a certain range of duplex sizes (27) . Thus the derived values for the molecular weights and the chain lengths of the large and small duplexes should be considered approximate. The above results indicate that the standard genome RNA contains a long stretch of sequence (approximately 6000 bases) identical to the DI-LT particle RNA in addition to a small stretch of sequence (approximately 450 bases), and both these RNA segments must be separated by other sequences in the standard genome RNA. Thus, it appears that the DI-LT particle RNA must have arisen by internal deletion of the standard genome RNA. Previous studies (10) have confirmed that all the genes, including leader, N, NS, M, and G, are present in the DI-LT RNA. Thus, the observed large duplex (Fig. 4, lane A) presumably contains these contiguous genes, which correspond to almost half of the genome length (approximately 6000 bases). The small stretch of FIG. 4 . Analysis by polyacrylamide gel electrophoresis of the duplex RNAs released after hybridization of the DI plus strand RNAs with the standard genome after RNase T2 digestion. DI-LT and DI-3 plus strand RNAs were synthesized and pooled as in Figs. 2A and 3A , and aliquots were hybridized with excess of their particle RNAs or with standard genome as described in Fig. 2C . The hybrids were precipitated with ethanol and aliquots were treated with RNase T2 as described (26) , except that the enzyme was inactivated by proteinase K treatment (100 Aig/ml, 370C for 30 min) followed by phenol extraction. The hybrid RNAs were then separated by electrophoresis for 44 hr at 130 V (25-30 mA) in a 30 X 14 X 0.15 cm 5% polyacrylamide slab gel in 36 mM Tris-HCl, pH 7.4, containing 30 mM NaH2PO4 and 1 mM EDTA. RNA bands were then located by autoradiography using Kodak XR-5 film. Unlabeled reovirus doublestranded RNA (kindly provided by A. J. Shatkin) was used as molecular weight markers,.represented by L (large), M (medium), S (small); it was electrophoresed in a parallel gel, and the positions of the markers were determined by staining. Shown are RNase T2-treated hybrids of DI-LT plus strand and standard genome (A), DI-LT plus and minus strand (B), DI-3 plus strand and standard genome (C), and DI-3 plus and minus strand (D). It should be noted that the bottom 70%6 of the gel is shown in the autoradiogram. the standard RNA (450 bases, lane A) present in DI-LT RNA probably represents the 5'-terminal portion of the standard genome RNA. The DI-3 RNA, whose size is similar to the DI-LT RNA, appears not to have arisen by deletions because no radioactive band was released when the DI-3 RNA (plus strand) was hybridized with the standard genome RNA (Fig.  4 , lane C) or hybridized to its particle RNA (Fig. 4, lane D) It is important to note that the leader RNA and the small RNA of the DI particles share identical eight-base sequences from the 5' end-i.e., ppA-C-G-A-A-G-A-C (12) (13) (14) (15) . Thus, the corresponding eight bases from the 3' end of their particle RNAs (...G-U-C-U-U-C-G-UOH) appear to be the common binding sequence for the putative replicase shared by both of the transcribing particles. The presence of a possible common binding sequence for replicase in both the particle RNAs will argue against any replicative advantage of the DI particle over the standard virus.
The synthesis of the full-length complement of the DI RNAs in vitro has permitted us to ask the question whether the DI RNAs, especially the DI-LT RNA, have evolved by internal deletion of the standard genome. By hybridizing DI-LT complementary RNA with the standard RNA and digesting with RNase (Fig. 4) , two distinct duplex bands were obtained, one corresponding to half the standard genome length and the other a small duplex of molecular weight of 0.3 X 106(450 base pairs). These results clearly indicate that approximately half of the standard genome length from the 3' end is retained in the DI-LT RNA and approximately 450 bases, probably from the 5'-end of the standard genome RNA, are linked to it. On the other hand, similar hybridization experiments using DI-3 indicate that this DI particle RNA (possibly all 5'-DI particles) did not appear to be evolved by internal deletion of the standard genome, but rather by a copy-back mechanism as proposed (19, 20) . Recently Perrault and Semler (28) It should be noted that the values (6000 bases and 450 bases) are approximate and may differ when different markers and gel systems are used (27) .
